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ABSTRACT 
The p r o p u l s i v e  e f f i c i e n c i e s  o f  t h e  s o l a r  s a i l  and o f  e l e c t r i c  p r o p u l -  
s i o n  systems  are  compared  on  the  basis o f  spec i f i c   impu lse .  I t  i s  shown 
t h a t  t h e  s o l a r  s a i l  i s  more e f f i c i e n t  a t  one  a.u. f o r  m i s s i o n  d u r a t i o n s  
greater  than  about  two  months,   that   the  advantage i s  i nc reased   fo r   m iss ions  
toward  the  inner   p lanets ,   and  that   the same conclus ions  are  reached when 
the  comparison i s  based  on  maximizing  the momentum t r a n s f e r r e d  to the  pay- 
load.   Other   fac to rs   tha t  will i n f l u e n c e   t h e   c h o i c e   o f  a p ropu ls ion   sys tem 
f o r  a s p e c i f i c  m i s s i o n  a r e  m e n t i o n e d .  
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s p e c i f i c  power (P/m ) a t  one  a.u. 
g r a v i t a t i o n a l  f o r c e  o f  t h e  sun  on t h e  s a i l  a t  one  a.u. 
P 
acce 
g rav  
spec 
mass 
t o t a  I 
e r a t i o n  o f  g r a v i t y  
t a t i o n a l  a t t r a c t i o n  o f  the   sun   a t   one  a .u .   in   Ear th  g l s  
f i c  impulse 
f l o w  r a t e  
launch mass 
f i x e d  mass o f  the  power p l a n t  
power c o n t a i n e d  i n  t h e  beam o f  e x p e l l e d  p a r t i c l e s  
s o l a r  r a d i a t i o n  p r e s s u r e  a t  one  a.u. 
t h r u s t  
t ime 
d i s tance   f rom  the  sun i n   a s t r o n o m i c a l   u n i t s  
c h a r a c t e r i s t i c   v e l o c i t y ,  see Eq.  (14) 
to ta l   aunch   we igh t  
t o t a l  w e i g h t  o f  p r o p u l s i o n  s y s t e m  
tankage  weight  parameter,  see Eq.  (9)  
m /it 
li7 t / m t  
P 
i nc idence  ang le  o f  t he  sun ' s  rays  
l i g h t n e s s  number o f  t h e  s a i l  
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The  idea o f  u s i n g  s o l a r  r a d i a t i o n  p r e s s u r e  f o r  t h e  p r o p u l s i o n  o f  
space  vehic les was e x p l o r e d   b y   s e v e r a l   a u t h o r s   i n   t h e   t e c h n i c a l   l i t e r a -  
t u r e  of t h e   l a t e   1 9 5 0 ' s   ( r e f s .  l ,  2, 3 ) .  The concept was no t   immedia te ly  
g iven  ser ious  cons idera t ion  because of the  ex t remely  la rge  sur face  areas  
t h a t  a r e  r e q u i r e d  (5.3 x lo6 s q .  f t .  pe r  pound o f  t h r u s t  a t  t h e  E a r t h ' s  
d is tance  f rom  the   sun) .  A more   recen t   i nves t i ga t i on   ( re f s .  4 and 5 )  has 
desc r ibed  a t e c h n i c a l l y  f e a s i b l e  scheme f o r  d e p l o y i n g ,  r i g i d i z i n g  and  con- 
t r o l l i n g  t h e  l a r g e  r e q u i r e d  a r e a s  a n d  has t h e r e f o r e  enhanced  the c r e d i b i l i t y  
o f  the concept.  
Pe r fo rmance   ana lyses   o f   t he   so la r   sa i l  have, i n   t h e   p a s t ,  been  con- 
c e r n e d   m a i n l y   w i t h   s p e c i f i c   m i s s i o n s .  I t  i s  d i f f i c u l t  t o  compare  competing 
p r o p u l s i o n  s y s t e m s  f o r  s p e c i f i c  m i s s i o n s  u n l e s s  c a r e  i s  t a k e n  t o  e q u a l i z e  
boundary   cond i t i ons   ( such   as   t he   cha rac te r i s t i cs   o f   t he   l aunch   veh ic le )   and  
to   op t im ize   each  compet ing   sys tem  to   the  same degree.   Th is   has  not   f re-  
q u e n t l y  been  done, p r i m a r i l y  because i t  i s  n o t   e a s y   t o  do.  There  would 
appear t o  be a need, t h e r e f o r e ,  f o r  a simpler  measure  of  comparison  be- 
tween  compet ing  space  propuls ion  systems  that   could be used f o r  g r o s s  
est imates.  
A s t a n d a r d  m e a s u r e  o f  t h e  e f f i c i e n c y  o f  a p r o p u l s i v e  d e v i c e  i s  i t s  
s p e c i f i c   i m p u l s e ,   i . e . ,   t h e   r a t i o  o f  t h e   t i m e   i n t e g r a l  o f  i t s  t h r u s t   t o  
i t s  we igh t .   D i f fe ren t   p ropu ls ion   sys tems  can be compared  on t h e   b a s i s   o f  
t h e i r   s p e c i f i c  impulse,  although i t  i s   n o t   t h e   o n l y   i m p o r t a n t   f a c t o r   t o  
be cons idered,  nor  i s  i t  necessar i l y  the  bes t  measure  o f  e f f i c iency  fo r  any  
p a r t i c u l a r   a p p l i c a t i o n .   S p e c i f i c   i m p u l s e  i s ,  perhaps, a d i r e c t  measure o f  
e f f i c i e n c y  o n l y  i n  t h o s e  c a s e s  w h e r e  t h e  t h r u s t  i s  used t o  c o u n t e r a c t  
o the r   f o rces ,  as i n   t h e   c a s e   o f   s t a t i o n   k e e p i n g .   F o r   c a s e s   i n   w h i c h   t h e  
t h r u s t  i s  used t o  c h a n g e  t h e  v e l o c i t y  o f  t h e  v e h i c l e ,  t h e  r a t i o  o f  t h e  
momentum added t o  t h e  p a y l o a d  t o  t h e  t o t a l  mass i s  a be t te r   per fo rmance 
i n d i c a t o r .   T h i s   r a t i o  can,  however,  be d i r e c t l y   r e l a t e d   t o   s p e c i f i c  
impulse as will be shown la te r .   Other   per fo rmance  ind ica tors ,   such as 
comparisons o f   t r a v e l   t i m e s   f o r   e q u a l   p a y l o a d s ,   g e n e r a l l y   r e q u i r e   d e t a i l e d  
c a l c u l a t i o n s .  
The s p e c i f i c   i m p u l s e  o f  t h e   s o l a r   s a i l   i s  computed  as f o l l o w s .  The 
t h r u s t   i s   d i r e c t e d   n o r m a l   t o   t h e   s u r f a c e  o f  t h e  s a i l  and  has the  magnitude 
where 
po = s o l a r   r a d i a t i o n   p r e s s u r e  a t  t h e   E a r t h ' s   s o l a r   r a d i u s  
8 = inc idence   ang le   o f  t he   sun ' s   rays  
U = d i s tance   f rom  the   sun   i n  as t ronomica l   un i t s  
A = a r e a   o f   t h e   s u r f a c e  
The product, p A, i s  r e l a t e d  t o  t h e  l i g h t n e s s  number o f  t h e  s a i l ,  
Xs' by 
0 
PoA = ASFG 
where F i s  t h e   g r a v i t a t i o n a l   a t t r a c t i o n   o f   t h e  sun  on t h e   s a i l   a t  one 
a.u.   L ightness number i s  the   p r imary   per fo rmance  parameter   fo r   so la r  
s a i l s .   I t  i s  i n v e r s e l y   p r o p o r t i o n a l   t o   t h e  mass p e r   u n i t   a r e a .  When 
1- = 1.0 t h e  g r a v i t a t i o n a l  a t t r a c t i o n  o f  t h e  sun i s  exac t ly   ba lanced  by  
t h e   r a d i a t i o n   p r e s s u r e .  The s p e c i f i c   i m p u l s e  i s  
G 
t 
[ T  d t  
0' 
S P  W 
where W i s  t h e   w e i g h t   o f   t h e   s a i l  and i t s   s u p p o r t i n g   s t r u c t u r e .  Sub- 
s t i t u t i n g   f r o m  Eqs. ( 1 )  and (2 )  i n t o  Eq. ( 3 )  
P S  
FG . 
where G = - I S  t h e  g r a v i t a t i o n a l  a t t r a c t i o n  o f  t h e  sun a t  one  a.u. 
expressed  in   Ear th  g ' s  and  where  the  quant i ty  (':z2') - i s  averaged  over 
the   miss ion .  The va lue   o f   the   d imens ion less   cons tan t ,  i s  ,611 x I O m 3 .  
N o t e   t h a t   t h e   s p e c i f i c   i m p u l s e  i s  l i n e a r l y   p r o p o r t i o n a l   t o   l i g h t n e s s  number 
and a l so   t o   t ime .   No te   a l so   t ha t   spec i f i c   impu lse   dec reases   w i th   t he   square  
o f  t h e  d i s t a n c e  f r o m  t h e  sun. 
s w  
P S  
G S ,  
The s p e c i f i c  i m p u l s e  o f  an e l e c t r i c  p r o p u l s i o n  d e v i c e  i n c l u d i n g ,  f o r  
example, a s o l a r  power supp ly  and  an ion  engine,  is   computed  as  fo l lows. 
The t h r u s t  i s  r e l a t e d  t o  t h e  power  expended  and  the mass f l o w  r a t e  b y  
T = (2 Ph)" 
1 
(5 ) 
where i s  the mass f l o w   r a t e  and P i s  the   use fu l   power   tha t  goes i n t o  
t h e   k i n e t i c   e n e r g y   o f   t h e   e x p e l l e d   p a r t i c l e s .  The u s e f u l  power i s  re -  
l a t e d  t o  t h e  mass o f  t h e  power p l a n t  b y  
2 
P = Cm 
P 
i n  t h e  c a s e  o f  a nuc lear  power  p lan t  o r  by  
P = C m -  1 
u2 
i n   t h e   c a s e   o f  a s o l a r  e l e c t r i c  power p l a n t .  m i s   t h e   f i x e d  mass o f   t h e  
powerplant, U i s  the   d is tance  f rom  the   sun   in   as t ronomica l   un i ts   and C i s  
t h e   s p e c i f i c  power. I t  i n c l u d e s   t h e   c o n v e r s i o n   e f f i c i e n c y   o f   t h e  power 
p l a n t  as a f a c t o r .   S u b s t i t u t i n g  Eq. (7)  i n t o  Eq. (5)  
P 
1 
(2Cm 
T =  U 
The to ta l   l aunch   we igh t  o f  t he   p ropu ls i ve   sys tem i s  
W 
PS 
9(mp + ( 1  + a ) h t )  
where g i s  t h e  a c c e l e r a t i o n  o f  grav i ty ,   and a i s  a parameter  that   accounts 
f o r  t h e  w e i g h t  o f  t h e  tankage, assumed t o  be p r o p o r t i o n a l  t o  t h e  w e i g h t  o f  
expe l   l an t .  
The s p e c i f i c  impulse of t he   p ropu ls i ve   sys tem i s  
t 
Eq. (10) s l i g h t l y  
I =  
5P 
where, in   the   second form, a cons tan t  mass f l o w   r a t e  i s  assumed. Rearrange 
t o  o b t a i n  
m 
The q u a n t i t y ,  .-f , i s  a design  parameter  that   can be v a r i e d  b y  
changing  the  vo l tage  in   the  ion  engine.  The maximum va lue  of I i s  
SP 
3 
ob ta ined  when 
m = m t ( 1  + CI) 
P 
i.e., when t h e   f i x e d  power p l a n t   w e i g h t   i s   e q u a l   t o   t h e   f u e l   w e i g h t .  Thus 
t h e  maximum v a l u e   o f  I i s  S 
N o t e   t h a t   t h e   s p e c i f i c   i m p u l s e  i s  p r o p o r t i o n a l   t o   t h e   s q u a r e   r o o t   o f   t h e  
p roduc t  o f  t h e  s p e c i f i c  power o f  t h e  power p l a n t  and  the  mission  t ime. 
Comparing Eqs .  (4) and  (13), i t  i s   e v i d e n t   t h a t   t h e   s o l a r   s a i l  has the  
a d v a n t a g e  o v e r  e l e c t r i c  p r o p u l s i o n  f o r  v e r y  l o n g  m i s s i o n s ,  t + m .  
Equat ion 
8 = 30" i n  Eq 
The lower  1 i m  
s e n t s   c u r r e n t  
aluminum coat 
formance over 
s (4 )  a n d   ( 1 3 )   a r e   p l o t t e d   i n   F i g .  1 f o r   t h e   c o n d i t i o n s :  
. ( 4 ) ;  a = 0 i n  E q .  ( 1 3 ) ;  and U = 1.0 i n  Eqs. (4)  and (13) .  
i t  o f   t h e   r a n g e   o f   s a i l   l i g h t n e s s  number, X = 0.50,  repre- 
S 
l y  a v a i l a b l e  0.08 m i l  po lycarbonate  film w i t h  1500 A "  o f  
ing,   Ref.  6.  X = 1.0  represents a modest   increase  in   per-  
S 
c u r r e n t  s t a t e - o f - t h e - a r t ,  and A S  = 2.0 represents  a sub- 
s t a n t i a l   i n c r e a s e .  The lower  limit o f   t h e   s p e c i f i c  power o f  s o l a r  e l e c t r i c  
p r o p u l s i o n  (C - 25 w a t t s / K g )  r e p r e s e n t s  t h e  c u r r e n t  s t a t e - o f - t h e - a r t  o f  
s o l a r   e l e c t r i c  power p lan ts   (Re fs .  7, 8 ) .  The  upper limit (200  watts/Kg) 
r e p r e s e n t s  p r o j e c t e d  c a p a b i l i t i e s  f o r  n u c l e a r - e l e c t r i c  and o t h e r  advanced 
systems  (Refs. 9, 10) .  The speci f ic   impulse  ranges  for   chemical   and  non-  
e lec t r i c   nuc lea r   p ropu ls ion   sys tems   (Re f .  11) a r e   a l s o   i n d i c a t e d   i n   F i g .  1 .  
I f  t h e   p r e s e n t   s t a t e - o f - t h e - a r t  i s  assumed (X = 0.50, C = 25 wat ts /Kg) ,  
S 
t h e  s o l a r  s a i l  i s  more e f f i c i e n t  t h a n  s o l a r  e l e c t r i c  p r o p u l s i o n  f o r  m i s s i o n  
dura t ions   g rea ter   than  about  30 days.  For a m i s s i o n   d u r a t i o n   o f  1000  days 
t h e  s o l a r  s a i l  i s  about 6 t i m e s  a s  e f f i c i e n t  as s o l a r  e l e c t r i c  p r o p u l s i o n .  
I t  i s  seen  by  comparing Eqs. (4)  and  (13)   that   he  advantage  o f   the 
s o l a r  s a i l  i s  i nc reased   fo r   m iss ions   t oward   t he   i nne r   p lane ts ,  U < 1 ,  and 
i s  decreased f o r   o u t w a r d  bound miss ions ,  U > 1 .  For  outward  bound m i s -  
s i o n s   a n   i n d i r e c t   t r a j e c t o r y   w i t h  an i n i t i a l   i n w a r d   l o o p   ( s i m i l a r   t o   t h o s e  
d e s c r i b e d   i n   R e f .  12 f o r  s o l a r  e l e c t r i c  s y s t e m s )  may i m p r o v e   t h e   r e l a t i v e  
e f f i c i e n c y  o f  t h e  s o l a r  s a i l .  
F o r  a l l  a p p l i c a t i o n s  e x c e p t  o r i e n t a t i o n  c o n t r o l  and s t a t i o n  k e e p i n g ,  
t h e  t h r u s t  o f  t h e  p r o p u l s i o n  s y s t e m  a c t s  t o  c h a n g e  t h e  t r a n s l a t i o n a l  v e l o c i t y  
o f   t h e   v e h i c l e .   I n   t h e s e   a p p l i c a t i o n s  a more d i r e c t  measure o f  e f f i c i e n c y  
t h a n  s p e c i f i c  i m p u l s e  i s  t h e  r a t i o  o f  t h e  momentum added t o  t h e  p a y l o a d  
d i v i d e d   b y   t h e   t o t a l   l a u n c h e d  mass o f  t h e   v e h i c l e .  Thus we d e f i n e   t h e  
" c h a r a c t e r i s t i c  v e l o c i t y "  o f  t h e  p r o p u l s i o n  s y s t e m  t o  be 
where W t  i s   t he   l aunch   we igh t   and  W i s   t h e   w e i g h t  of t h e   p r o p u l s i o n  
system. 
P S  
The c h a r a c t e r i s t i c  v e l o c i t y  c a n  be d i r e c t l y  r e l a t e d  t o  t h e  s p e c i f i c  
impu lse .   In   the   case of t h e   s o l a r   s a i l ,   t h e  mass i s   c o n s t a n t   w i t h   t i m e  s o  
t h a t  
and 
The maximum va lue  o f  V", ob ta ined  when W = 1/2 We i s :  ." 
P S  
V " 
-L 
max = - 25 I S P  
In the case o f  e l e c t r i c  p r o p u l s i o n ,  t h e  mass o f  t h e  s y s .  tem ch  anges 
w i t h   t i m e .  Assume t h a t   t h e  mass f l o w   r a t e  and   t he   t h rus t   a re   cons tan t  
w i t h  t i m e  so t h a t  
L 
0 
The assumpt ion   tha t   the   th rus t  i s  c o n s t a n t   w i t h   t i m e   p a r t i c u l a r i z e s  Eq. (18) 
'5 
t o  a nuc lea r  power p l a n t  o r  t o  a s o l a r  power p l a n t  i n  E a r t h  o r b i t .  
Equat ion (18) can  be s i m p l i f i e d  b y  means of the  parameters 
and 
wh ich  can  be  se lec ted  by  the  des igne r  o f  t he  spacec ra f t .  
I n  terms o f  these parameters  
F o r  t h e  s p e c i a l  c a s e  o f  a = 0, t h e  opt imum  values  of   the  design  parameters 
a r e  y = 1/3 and B = 2/3.  The cor respond ing  maximum v a l u e   o f   t h e   c h a r a c -  
t e r i s t i c  v e l o c i t y  i s  
1 
-I- 
V" ma x = .2944 (y)' = .2944  g(Isp)max 
where Eq. (13)  has  been  used in   ob ta in ing   the   second  fo rm.  
Comparing Eq. (20)  and (17), i t  
t e r i s t i c  v e l o c i t i e s  f o r  t h e  . o p t i m i z e d  
t r i c  p r o p u l s i o n  s y s t e m  i s  a p p r o x i m a t e  
s p e c i f i c   i m p u l s e s ,   w i t h  a small  advan 
propuls ion  system. 
i s  seen t h a t  t h e  r a t i o  o f  charac-  
s o l a r  s a i l  and   the   op t im ized  e lec-  
l y  equal t o  t h e  r a t i o  o f  t h e  o p t i m i z e d  
tage ( 1 8 % )  accorded t o  t h e  e l e c t r i c  
E f f i c i e n c y  is ,  o f  c o u r s e ,   n o t   t h e   o n l y   f a c t o r   t o  be considered.  
F a c t o r s  t h a t  f a v o r  e l e c t r i c  p r o p u l s i o n  o v e r  t h e  s o l a r  s a i l  a r e :  
1 .  A b i l i t y  t o  v a r y  t h e  d i r e c t i o n  o f  t h e  t h r u s t  w i t h o u t  c h a n g i n g  
i t s  magnitude,  and  vice-versa. 
2. More  compact  conf igurat ion,   and  perhaps,  therefore,   greater 
r e l i a b i l i t y  o f  deployment. 
3. Angular  momentum o f   t h e   v e h i c l e  may be smal l ,   o r   zero .  
F a c t o r s  t h a t  f a v o r  t h e  s o l a r  s a i l  o v e r  e l e c t r i c  p r o p u l s i o n  a r e :  
1 .  Less  compl icated hardware, and, t he re fo re ,  g rea te r  re1  i ab i  1 i t y  
d u r i n g  o p e r a t i o n .  
2. A d d i t i o n a l  uses o f  t h e   l a r g e   s u r f a c e   a r e a   ( m i c r o m e t e r o i d   f l u x  
measurement, cmmun i c a t  ions., e t c .  ). 
6 
3 .  Ability to exploit  unexpected  increases in mission duration, i.e., 
to continue to produce  thrust  for  an  indefinite  time. 
4. Lower  cost. In this  connection it i s  worth  noting  that .08 mil 
polycarbonate  film  can be  obtained  commercially  for a price of 
2 cents per s q .  ft. 
It has  been  shown  that, 
superior to electric  propuls 
two months. In spite  of  its 
expended  to  date on the  deve 
tical  propulsion  system. 
other  factors being equal, the solar sail  is 
evident  advantages very  little  effort  has  been 
ion  for  mission  durations  greater  than  about 
lopment of the  solar  sail  concept  into  a  prac- 
The  MacNeal-Schwendler  Corporation 
Los Angeles,  California, May 1 ,  1970 
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